Abstract Iron mining activities in the Bruche valley (Vosges Mountains, France) date historically from the Roman period to the mid-nineteenth century. The geochemical and palynological study of a core from the peat bog of Le Champ du Feu allows highlighting impacts of these activities over the past millennium. Trace metal contamination is recorded for lead (Pb), arsenic, zinc, and antimony during the Middle Ages, the sixteenth century, and from cal. AD 1750-1900, with several sources distinguished by Pb isotope analyses. Forest exploitation is attested by the palynological analysis of the core, with exploitation of Fagus for smelting processes and cutting of Abies for agro-pastoralism. This approach highlights several patterns of contamination, corresponding to the mixing sources and the contamination intensity, which can be linked to the pollen assemblage zones. Hence, anthropogenic activities such as mining and farming led to long-term modification of the landscape composition in this mountainous area.
INTRODUCTION
For the last two millennia, several phases of increasing trace metal (TM) atmospheric pollution due to mines, smelters, waste incinerators, coal, leaded gasoline, or industrial emissions have been registered worldwide (Nriagu 1996) . Besides being a major source of contamination, metal production impacted the agro-pastoral and ecological landscape over time, as it has been observed by palaeo-environmental studies from former mining areas (Jouffroy-Bapicot et al. 2007; Bindler and Rydberg 2015) . As an example, in Austria, Viehweider et al. (2015) observed a decrease of Abies in palynological record in the vicinity of former ore exploitation dated at 1000 BC. Deforestations, which can be observed during mining, are often related to a high consumption of wood for the construction of galleries and smelting and refinery processes with their charcoal needs (Jouffroy-Bapicot et al. 2007 ). In Sweden, iron (Fe) exploitation during the Middle Ages was linked to an increase of ruderal taxa indicating the creation of pastures and an increase of land use pressure to support population of miners from the area (Karlsson et al. 2015) . These results are consistent with other research on the topic that showed that anthropogenic impact on the landscape varied function of the (i) intensity of mining, (ii) type of ore exploited, (iii) local vegetation, and (iv) climate (Breitenlechner et al. 2013; Servera Vives et al. 2014; Mighall et al. 2017) . Hence, the impact of mining and other anthropogenic activities cannot be generalized and needs precise investigations to understand induced long-term changes.
Among the most active former mining sites in Europe, the Vosges Mountains, which are particularly rich in Fe and non-ferrous ores, have been intensively exploited over the last millennium with the main activity between the sixteenth and eighteenth centuries (Fluck and Ancel 1989; Leypold 1996) . Previous study interesting on landscape changes during mining showed that no major deforestations were recorded near the district of Sainte-Marie-aux-Mines, the biggest former European lead (Pb)-silver mining in the fifteenth century (Mariet et al. 2016 ).
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However, historical archives indicated that charcoal was considered the limiting factor for Fe exploitation in the seventeenth century in the Bruche valley, at 15 km northward from Sainte-Marie-aux-Mines, because of the decrease in forest resources and the increasing price of wood or charcoal (Leypold 1996) . The Bruche valley was known to be an important district of Fe exploitation which has been documented since the Roman period but with a main activity during the fifteenth-sixteenth centuries (Leypold 1996) . Hence, although historical sources testify to occasionally drastic landscape modifications, the quantification of this impact remains a question. Were the landscapes in this valley totally deforested for mining activities? Or did some management strategies exist for ensuring the turnover of exploited forested areas? To answer these questions, palynological studies coupled with the geochemistry of TMs in environmental archives are an efficient tool for detecting phases of anthropogenic activities and associated landscape changes (Ejarque et al. 2009; Breitenlechner et al. 2013) . When available, the historical and archaeological data bring help for the interpretation of the geochemical signal.
The objectives of this study are to reconstruct the changes in landscape related to anthropogenic activities in the Northern Vosges Mountains, focusing on the last millennium, when the mining activities were at their highest level in the region. A multi-proxy approach with a high time resolution was developed, combining palynological analyses to assess changes in the local vegetation and land use, and TM analyses and Pb isotopes to reveal the intensity and source of atmospherically deposited TM.
MATERIALS AND METHODS

Study site
The study site is located in the Bruche valley (North of the Vosges Mountains, eastern France), where many past Fe mining sites are documented (Fig. 1a, b) . The geological background is composed of granites, granodiorites, and diorites, which form the domain of Champ du Feu (von Eller et al. 1970) . The altitudinal ranges from 600 m a.s.l. in the valley to 1090 m a.s.l. at the summit of Le Champ du Feu. Leypold (1996) . Triangles indicate crests and correspond to peat bogs for Le Champ du Feu and Rond Pertuis supérieure (Sudhaus and Friedmann 2015) The vegetation is distributed approximately as follows: mixed forest from 600 to 1000 m a.s.l., coniferous forest from 900 to 1040 m a.s.l., and meadows, dwarf shrub heathland up to the summit. The site is an ombrotrophic peat bog called ''Le Champ du Feu'' (N48°23.971 0 , E007°15.490 0 , 1049 m a.s.l.) consisting of 3.6 ha of active peat situated in a crest. The surrounding environment is currently composed of a mixed beech, fir, spruce forest in the west and sub-alpine meadows, and dwarf shrub heathland in the east. The local vegetation is mainly composed of Betula pubescens, Pinus sp., Vaccinium oxycoccos, Sphagnum sp., Calluna sp., Carex sp. The core was collected in the center of the peat bog with a Russian GYP-type corer, after exploring the thickness of the complete peat deposit with an avalanche probe. The core was 200 cm depth ( Fig. 2a) and was packed and stored in a dark cooling chamber (4°C) until analyses.
Age-depth model
The core was dated with four 14 C dates ( (Appleby and Oldfield 1978) (Fig. 2b) . Radiocarbon dates were calibrated using the IntCal09.
14 C calibration curve. The reliability of the age-depth model was checked using 241 Am contamination records with a peak corresponding to the maximum fallout intensity of atmospheric nuclear weapon tests (AD 1963) (Kreiser et al. 1992) . The age-depth model was then run as a linear interpolation using the Clam program developed by Blaauw (2010) (Fig. 2) , and sedimentation rates were calculated according to the age-depth model.
Palynological analyses
Sampling was conducted every two cm. Sub-samples (1 g fresh matter) were prepared using the standard method established by Faegri and Iversen (1989) after the addition of exotic pollen grains of Lycopodium to estimate pollen accumulation rates. Sub-samples were filtered to 200 lm and then treated with HCl 10%, HF 40%, NaOH 10%, and acetolysis. A minimum of 1000 pollen grains were counted on each level at 9400 magnification and identified using the standard identification keys of the Central European pollen flora (Beug 1961; Punt 1976; Punt and Clarke 1980 , 1981 , 1984 Punt et al. 1988; Faegri and Iversen 1989; Moore et al. 1991; Reille 1992 Reille , 1995 and the reference collection of the Chrono-Environment laboratory. The calculation of the pollen diagram was performed using the program TILIA 1.5.12 (Grimm 1991) . The pollen sum was calculated from the arboreal and non-arboreal pollen count; water plants, i.e., Nuphar, Callitriche, Sagittaria, Potamogeton, Hottonia palustris, Rumex aquaticus, and Typha, hygrophilous taxa, and spores were excluded from the sum. The pollen accumulation rate (10 3 grains cm -2 year -1 ) was calculated according to the wet bulk density of the sample, the Lycopodium counts and the sedimentation rate. Pollen data were divided into Pollen Assemblage Zones (PAZs) by constrained incremental sums of squares cluster analysis (CONISS) of the relative abundance of pollen taxa (Grimm 1987) .
Trace metal and Pb isotope analyses
Trace metal and Pb isotopic measures were performed at the ''Service d'Analyse des Roches et des Minéraux'' (SARM; CRPG-CNRS, Nancy, France).
Trace metal analyses
Trace element concentrations were determined by an Inductively Coupled Plasma Mass Spectrometer (ICP-MS Thermo Elemental X7). Samples were prepared and measured following the procedure of Carignan et al. (2001) . Briefly, samples were mixed with LiBO 2 and melted (alkaline fusion). The fusion products were further dissolved in diluted nitric acid before measurements (Table 2 ; see the SARM website at http://www.crpg.cnrs-nancy.fr/SARM/).
Lead isotope analyses
Approximately 100 mg of each sample was weighted, mixed with three acids (HNO 3 , HCl, and HF) and put on a hot plate at 120°C. Once fully digested, Pb was extracted from the matrix using ion exchange chromatography. Isolation was performed using a chromatographic column containing AG1-X8 (Cloquet et al. 2006) . After being fixed in HBr 0.8 M, Pb was recovered in HCl 6 M (Manhès et al. 1980) . After dissolution in 0.3 M HNO 3 , isotopic analyses were performed using a Multi-Collector Inductively Coupled Plasma Mass Spectrometer (Thermo Scientific Neptune Plus) at CRPG, Nancy. International standard solution SRM 981 with the addition of Tl SRM 997 was measured to correct for instrumental mass bias using both external normalization and the standard-sample bracketing technique, as described earlier (White et al. 2000; De Muynck et al. 2007 ) using DS TIMS values (Thirlwall 2002) . In addition, accuracy and long-term reproducibility were ensured using GSD 10 (river sediment) and BCR 482 (lichen) reference materials (Cloquet et al. 2015) . The total Pb procedural blanks obtained along the course of the study were stable at approximately 300 pg.
Calculation of accumulation rates and enrichment factors of TMs
The accumulation rates (ARs) of TMs were calculated using the following equation (Eq. 1).
where AR is in lg cm -2 year -1 , the concentration of total TM is in lg g -1 , the sedimentation rate is in cm year -1 , and the dry bulk density is in g cm -3 . Enrichment factors (EFs) were calculated for each TM following Eq. 2 (Weiss et al. 1999) .
where TM meas is the measured concentration of TM in lg g -1 , TM UCC is the concentration of this element in the upper continental crust (UCC; Wedepohl 1995), Al meas is the concentration of aluminum (Al) measured in lg g -1 , and Al UCC is the concentration of Al in the UCC (i.e., 77 440 lg g -1 ; Wedepohl 1995).
Chemical and physical characterization
The dry bulk density (g cm -3 ) was measured on freezedried samples in terms of water content (%H 2 O). This measure was realized by weighing samples before and after freeze-drying to obtain the water content (Table 3) . ) and error associated depending on concentration measured (higher than 1 and 50 lg g -1 ). These data were obtained according to 5 certified reference materials (CRMs, n = 150 per CRM) that were routinely used for 6-12 months As Pb Sb Zn
LoD (lg g The intensity of local mining activities from historical data (Leypold 1996) is reported: black color means high intensity and white color means absence of mining Ash content was determined as follows: after drying at 105°C for 20 h, the samples were weighted and burned at 550°C for 4 h (Heiri et al. 2001) . The loss of mass represents the ash content (Table 3) .
Carbon (C) and nitrogen (N) contents were determined by a VarioMAX CNS analyzer (Elementar) on dried sub-samples (Fig. S1) . Two measurements were performed on the sample every ten measurements to check the analyses.
Statistical analyses
Pollen diversity (Fig. S1 ) was estimated by rarefaction analysis (Birks and Line 1992) using the ''vegan'' R package (Oksanen et al. 2012) . This method standardizes sample size and does not consider the abundance of different pollen types. Statistical analyses were performed using the R (ver 3.2.2) statistical software (R Core Team 2014).
RESULTS
Chronology and core characteristics
The 200-cm-long sequence covered approximately the past 1300 years (Table 1, Fig. 2a, b) . The high-temporal resolution used allows covering from 5 to 20 years with a sample, according to the sedimentation rate (Table 3) . The lithology is composed of active Sphagnum peat on the 15 upper cm and decomposed peat until 150 cm, where gyttja (dark peat) is present until 165 cm. Then, a clayish layer is observed on 8 cm. Decomposed peat forms the deeper 27 cm. Samples were highly organic, with ash contents ranging from 93 to 99.7% (Table 3) .
Palynological diagram
Three major PAZs were defined, and some supplementary sub-zones were added by visual inspection of the diagram.
PAZ 1 was composed of two sub-zones (Fig. 3) . PAZ 1a from cal. AD 592-800 had dominance of tree taxa at 90% with Fagus, Alnus, Abies, and Carpinus as major taxa. Some crop indicators were present with Vitis, Cerealia type and Cannabis/Humulus, as well as ruderal taxa, e.g., Plantago lanceolata, Rumex, or Artemisia (Fig. 3) . The main change in PAZ 1b, from cal. AD 800-1000, was an increase of Abies up to 30%.
PAZ 2 was composed of five sub-zones. PAZ 2a, from cal. AD 1000-1150, was characterized by an increase in pollen accumulation rate from 5000 to 20 000 grains cm -2 year -1 . Tree taxa slightly decreased at 70% due to Abies, Alnus, and Carpinus, but Fagus increased (Fig. 3) . Herb taxa, crop indicators, and ruderal taxa increased with the appearance of Centaurea cyanus. Ericaceae showed a brief peak up to 15%.
During PAZ 2b, from cal. AD 1150-1450, Carpinus and Abies decreased to its minimum value, lower than 5% representation, whereas Betula and Corylus increased. Tree taxa were in average at 65%. Vitis is continuously recorded during this zone. The pollen accumulation rate decreased and was in average 7000 grains cm -2 year -1 . Ericaceae and Sphagnum reached high values. PAZ 2c, from cal. AD 1450-1600, showed an increase of Carpinus and Betula, whereas Fagus decreased. However, the representation of tree and herb taxa remained stable. Centaurea jacea and Vitis disappeared and monolete spores decreased (Fig. 3) . PAZ 2d, from cal. AD 1600-1650, was marked by an increase of Fagus and a decrease of Betula and Corylus. The percent of tree taxa remained stable. Ruderal taxa increased with Rumex and P. lanceolata.
PAZ 2e, from cal. AD 1650-1850, showed the general decrease of arboreal taxa until cal. AD 1750 from 70 to 55% representation. Decreasing rates of Fagus (from 60 to 20%) were followed by the rise of Quercus and Pinus up to 10% representation. Abies slightly increased up to 10% representation. Tree taxa recovered up to 70% representation from cal. AD 1750-1850. Peaks of Cannabis/Humulus were noted, as the increase of ruderal taxa, e.g., Rumex, P. lanceolata, or Urticaceae.
PAZ 3 could be separated in two sub-zones. PAZ 3a, from cal. AD 1850-1950, was characterized by the decrease of Fagus to 10% representation and of arboreal taxa until 50%, whereas Picea and Fraxinus significantly increased (Fig. 3) . Cannabis/Humulus sharply decreased while Cerealia type increased, as P. lanceolata or Rumex (Fig. 3) . A peak of Cyperaceae was noted, corresponding to a sharp increase of the pollen accumulation rate, whereas trilete spores decreased.
The last sub-zone, PAZ 3b from cal. AD 1950 to present days, showed an increase of arboreal taxa at 85% principally with Carpinus, Picea, Fraxinus, and a last increase of Fagus up to 20% representation (Fig. 3) . Crop indicators disappeared and herb and ruderal taxa decreased (Fig. S1 ).
Geochemical analyses
Trace metal analyses: Concentrations, ARs, and EFs
Due to its role as a major element, Fe could not be chosen to trace past mining activities in the Bruche valley, so four TMs, arsenic (As), Pb, antimony (Sb), and zinc (Zn), were chosen according to their presence in numerous exploited ores. Concentrations varied from 0.17 to 7.15 lg g -1 for As, from 1.18 to 180 lg g -1 for Pb, from 0.04 to 4.12 lg g -1 for Sb, and they were up to 136 lg g -1 for Zn (Table 3 ).
The ARs for the four chosen TMs had similar pattern until cal. AD 1400 (Fig. 4) . One point dated from cal. AD 1300 had higher ARs for the four TMs. Concerning Pb, the ARs were stable between cal. AD 1400 and cal. AD 1550 at 0.04 lg cm -2 year -1 and then increased at 0.2 lg Pb cm -2 year -1 until cal. AD 1650 (Fig. 4a) . Lead ARs then decreased until cal. AD 1750. A sharp increase was measured to the top of the sequence at 2.6 lg Pb cm -2 year -1 (Fig. 4a) . For the three other TMs, As (Fig. 4b) , Zn (Fig. 4c) , and Sb (Fig. 4d) , the increase of the ARs was more progressive at cal. AD 1500-1550 with no decrease in cal. AD 1650.
Lead and Sb EFs were in the same range along the core, i.e., between 5 and 300, whereas those of As and Zn were comprised between 0 and 80 (Fig. 4) . Enrichment factors remained low and stable for the four TMs from cal. AD 600-1000 and then increased until cal. AD 1300 at approximately 80 for Pb, 40 for Sb, 20 for As, and 6 for Zn (Fig. 4) . After cal. AD 1300, a progressive increase was noted up to 70 and 300 for As and Pb, respectively (Fig. 4 ). Arsenic and Zn had the same pattern of EFs: an increase from cal. AD 1400-1800, followed by a decrease and a sharp increase for the more recent point analyzed at cal. AD 1991 (Fig. 4) .
Lead isotope analyses
Lead emitted by mining and smelting activities from the Vosges Mountains is considered to come from the three types of ores already known to be exploited in the mountains, namely ''A'', corresponding to high-temperature deposits ( ) and enrichment factors (EFs, black lines) of a Pb, b As, c Zn, and d Sb. Pollen assemblage zones (PAZs) defined in the palynological diagram are reported, as the intensity of local mining activities from historical data (Leypold 1996) Fig. 3 ). An increasing peak was noted between cal. AD 1200 and 1400 at 1.185. The isotope ratio increased newly after cal. AD 1400 at 1.194 until cal. AD 1650, at which point, a sharp decrease is noted until present days at 1.150 (Table 3, Fig. 3 Fig. 5a ). Samples dated from cal. AD 1963 and 1991 had less radiogenic ratios, approaching those of leaded gasoline (Fig. 5a ). The biplot of 206 Pb/ 207 Pb versus Al/Pb highlights that the PAZs established in the palynological diagram correspond to different patterns of Pb contamination: almost three different groups of similar isotopic compositions could be identified (Fig. 5b) . Pollen assemblage zones 1, 2a, 2c, and 2d had an isotopic composition corresponding to a mixing of sources with a dominance of ores of type B (Fig. 5b) . The group of PAZs 2b, 2e, and 3a had an isotopic composition corresponding to a mixing with a dominance of ore from Lusse (Fig. 5b) . PAZ 3b corresponded to the dominance of an isotopic composition of leaded gasoline and industrial activities, with 206 Pb/ 207 Pb ratio of 1.0839 ± 0.0096 and 1.1495 ± 0.0050, respectively (Monna et al. 1997) (Fig. 5a) .
DISCUSSION From cal. AD 600-1000: Low human impact on ecosystem
The landscape is composed by a mixed forest: the pollen assemblage is part of the regional palynostratigraphic zone composed by Fagus, Abies, Carpinus, Juglans, and Castanea (de Klerk 2014). The core studied by Sudhaus and Friedmann (2015) in the Rond Pertuis supérieure, a peat bog situated at 12 km in the west of the Le Champ du Feu (Fig. 1b) , highlights a similar landscape dominated by Fagus and Abies and a low representation of crop indicators. This time period, called the Migration Period at the transition of the Roman Times and the beginning of the Middle Ages, is defined by low human occupation and politic instability in this region (Fluck 2000) . Trace metal emissions were low and crop activities were scarce, but there were the dominant activities of local populations, who were primarily farmers (Leypold 1996) . Since cal. AD 800, the increase of Abies and the decline of herb taxa observed could traduce a forest recovery on the summits potentially due to a lowered human exploitation and a decline of pastoralism.
Compared to the two sequences from ombrotrophic peat bogs that are available in the Vosges Mountains (Gazondu-Faing and Rossely; Forel et al. 2010 ; Fig. 1a ), the concentrations of Pb are similar, i.e., between 1 and 3 lg g -1 . The 206 Pb/ 207 Pb ratios presented the same pattern and similar values as in Gazon-du-Faing and Rossely; thus, the regional TM record is similar between the north and the south of the Vosges Mountains between the seventh and the eleventh centuries, confirming the low global industrial activity in the region (Fluck 2000) .
From cal. AD 1000-1150: Increase of crop activities and TM contamination
The small increase of TM ARs, which corresponds to a high increase of EFs particularly for Pb, attests to the onset of industrial activities at the regional scale, as showed also by Forel et al. (2010) . The corresponding increase of 206 Pb/ 207 Pb ratio was also registered in Gazon-du-Faing with similar Pb isotopic compositions ( 206 Pb/ 207 Pb & 1.18-1.19). This could be due to change in the mixing sources and the higher input of Pb from ores of type B. Indeed, from the study of a nearby minerotrophic marsh at Le Hury site (Fig. 1a) , Mariet et al. (2016) attested that mining activities began around cal. AD 900 in the former mining district of Sainte-Marie-aux-Mines, where this type of ore was exploited (Fluck 2000) .
This time period corresponds to an abrupt decrease of Abies, never recovering the high values recorded before cal. AD 1000. This is certainly due to a common practice of slash-and-burn in large areas (Garnier 2000) , which contributed to the extinction of Abies at this altitudinal stage and to the peak of Ericaceae, known to be favored after burning. Fagus was not concerned by this deforestation for farming in lower altitudes. Moreover, human pressure is also indicated by the substantial increase of crop indicators, particularly Cerealia type and also by the presence of Vitis and C. cyanus, the latter indicating very local crops. This opening could be explained by (i) the development of crop areas for the food needs of increasing population, and (ii) considerable wood consumption for poly-metallic mining exploitation during the twelfth century, known as a renewal period for mining activities (Leypold 1996) . The Rond Pertuis supérieure record showed an opposite pattern with a definitive decline of Fagus at around AD 1000, whereas Abies presented a temporary decline at around AD 1150 (Sudhaus and Friedmann 2015) . The two closed peat bogs of Le Champ du Feu and Rond Pertuis supérieure were situated at 1049 and 690 m a.s.l., respectively. The clearing of the landscape is obvious around the two peat bogs because of mining and crop activities, but the species affected by the deforestation are not the same. This is due to a different local composition of woodland, which is a function of the altitudinal gradient.
From cal. AD 1150-1450: A changing period during the Middle Ages A sharp decrease of Fagus was registered after cal. AD 1150, while an increase of pioneer taxa, such as Betula and Corylus, is noted. This openness of the landscape in the Bruche valley corresponds to the decrease of Abies registered in the Rond Pertuis supérieure peat bog for the same period (Sudhaus and Friedmann 2015) . Trace metal emissions increased during cal. AD 1000-1350 and the impact of mining seems to be higher since cal. AD 1150 when the landscape was opening for high needs of wood. The development of Fe mining in the Bruche valley since the thirteenth century, as attested by the documentation of the first blast furnace ( Fig. 1b; Leypold 1996) , most likely contributed to these events. In addition to mining activities, increasing rates of Cannabis/Humulus could be related to the development of textile industry, as identified by Sudhaus and Friedmann (2015) near the Bruche valley. Since cal. AD 1300, the decrease of TM contamination, coupled with the recovery of Fagus, was observed in other peat bogs at a regional scale and is certainly due to the Black Plague, successive famines, and the Hundred Year's War (Fluck 2000; Forel et al. 2010) . The palynological picture of the landscape also reflects the forest management with certain slash-and-burn on small surfaces in summits, contributing to the several peaks of Ericaceae. This indicates pasture woodland, with constant values of ruderal indicators, while crops certainly decreased in high altitude. In Sweden, Fe mining was related to increase of crops and ruderal taxa also due to the presence of pasture woodlands during the same time period (Karlsson et al. 2016) .
Mixing sources of Pb changed several times during the Middle Ages, with shifts between contribution of ores of type A and Lusse, and those of ores of type B when TM contamination is the highest (Fig. 5) . It highlights the highly changing period with an alternation of decline and recovery of industrial activities because of epidemics and wars (Fluck 2000) . These events have also contributed to an alternative exploitation of different ore types. This regional disorganization of industrial activities was also detectable in Rossely with similar isotopic pattern (Forel et al. 2010) .
From cal. AD 1450-1600: Major phase of Fe mining activities Contamination by TMs, particularly As, Pb, and Zn, increased sharply during the sixteenth century, when the peak of Fe mining activities was reached in the Bruche valley ( Fig. 1b; Leypold 1996) . The more radiogenic Pb composition of samples belonging to this phase (Fig. 5b) is probably due to the increased exploitation of ores of type B. In Gazondu-Faing and Rossely sites, the Pb isotopic composition became less radiogenic (Forel et al. 2010) . This difference between Le Champ du Feu and the two other peat bogs highlights a change in mixing TM sources over this period in the Vosges Mountains between the north and the south.
The decrease of Fagus has to be linked to its increasing use in blast furnaces because of the intensification of local mining (Leypold 1996) . Indeed, mainly Fagus, Quercus, and Betula charcoals were used for blast furnaces, whereas mainly Abies charcoals were used for Fe refining and shaping in forges (Leypold 1996) . Moreover, Fagus was the main taxa found in charcoal kilns in the Vosges Mountains and was widely used due to its high combustion temperature for smelting process (Nölken 2005) . The pollen record showed a cutting of Fagus in the valley but the impact of mining activities on the forest cover was less than expected, as already shown in this region in the former mining district of Sainte-Marie-aux-Mines (Mariet et al. 2016) . This could be due to the unequal distribution of forest plots between mining concessions according to their fuel needs. The absence of large deforestation was also noted in other sequences in Europe during phases of mining. In Austria, Viehweider et al. (2015) explained the slightest impact of mining on forest cover by forest management, sufficient supply of wood for smelting, or wood import. Even if it was lowest than presumed, the decrease of tree taxa is recognized during mining and has been demonstrated in other historical mining sites in the Cévennes (Baron et al. 2005) or in the Morvan (JouffroyBapicot et al. 2007) in France with selective cutting of Fagus and Betula, while Karlsson et al. (2015) do not show selection of trees for mining in Sweden. A forest succession is observed in Le Champ du Feu during this period by the increasing representation of Betula and Corylus, as heliophilous and pioneer taxa, indicating the potential forest management of exploited areas for forest turnover (Garnier 2000) . However, the landscape seems to have homogenized by the decrease of pollen diversity due to a high pressure on the forested ecosystem. Trace metal emissions still increase after a slight plateau around cal. AD 1600, reaching a peak at the end of the zone, with more radiogenic Pb showing the increasing exploitation of, certainly, ores of type B. A lack of wood in AD 1609 near Schirmeck was described in the literature that contributed to the stop of the blast furnace (Leypold 1996) , whereas the pollen arboreal taxa were higher than 70% representation, highlighting the presence of forested areas in the valley. During this short time period, a new change in forest composition is noted with the recovery of Fagus instead of Betula. Compared to the previous period, the change in forest composition highlights the recovery of the forest while TM contamination is increasing. This difference of landscape could be explained by regional and/or extra-regional mining that lead to increase TM atmospheric contamination, while the area around Le Champ du Feu is not exploited for wood or farming due to the sharp decline of the population. Indeed, this period is marked by the Thirty Years' War (1618-1648) which was certainly the cause of the decline of mining and crop activities in the Bruche valley (Leypold 1996) , observed by the decrease of crop indicators and the disappearance of C. cyanus as a proxy of local crops. The decrease of TM contamination for Pb, As, and Zn along this phase corresponded to the stop of mining activities in the Vosges Mountains at the end of the seventeenth century due to a regional war called ''la guerre des évêques'' (Leypold 1996) . During this PAZ, variations of ARs were registered but the Pb isotopic composition became less radiogenic (Figs. 4, 5 ). It indicates a change in sources of TMs with probably the abandonment of exploitation of ores of type B and the increasing contribution of coal combustion in regional industrial activities. The landscape opened until cal. AD 1750 and crops were present in the vicinity of the peat bog with Cerealia type and textile crops with Cannabis/Humulus. Indeed, mining activities are replaced by agro-pastoralism and the textile industry in the valley (Leypold 1996) . This development of several industrial activities and farming in former mining area during this time period has been also shown in the Pyrenees by Ejarque et al. (2009) where the impact of anthropogenic activities was at their highest level. A change in forest management occurred after the Thirty Years' War due to the establishment of a new law by Colbert in 1669 which wanted to increase wood production for navy yards (Garnier 2000) . This law led to the intense cutting of large forested areas which disadvantaged Fagus for the benefit of Quercus in low altitudes, as shown in the pollen record of Le Champ du Feu. The signal of decreasing local mining activities is perfectly synchronous to the signal of the former mining district of Sainte-Marieaux-Mines from cal. AD 1650-1750, highlighting the decrease of mining activities at the regional scale (Leypold 1996; Mariet et al. 2016) .
After this period of regional decrease of mining, Fe exploitation quickly restarted in the mid-eighteenth century (Leypold 1996) and corresponded to the rapid increase of TM contamination recorded after cal. AD 1750 in the Le Champ du Feu sequence. Concerning the landscape, Fagus continues to decrease slightly, as a result of wood exploitation for mining. The increase of arboreal taxa is due to Pinus and Quercus, which is recognized as a regional palynological signal in several sequences (Kalis 1984a, b) . Indeed, forest management changed and favored species for construction wood rather than for charcoal production. Hence, the expansion of Pinus was proven to begin in cal. AD 1700 in the Vosges Mountains due to plantations in valleys (Kalis 1984b) .
From cal. AD 1850 to present days: Modern Times
Iron mining activities were stopped in the Bruche valley around AD 1850 because of the impoverishment of ores and lack of competitiveness (Leypold 1996) . The first part of this time period, from cal. AD , was marked by a sharp increase of TM emissions due to the chemical industry based on manganese during the nineteenth century in the Bruche valley (Leypold 1996) and by the openness of the landscape. The replacement of Fagus by Picea and Pinus highlights the increase of forestry exploitation with plantations for the production of construction wood. Anthropogenic pressure continued to increase locally with ruderal taxa (P. lanceolata and Rumex) in expansion related to pastoralism in high altitudes and an increase of human occupation in the valley due to the sharp development of textile industry.
From cal. AD 1950 to the present, a high decrease of anthropogenic pressure on the vegetation was attested, with the abandonment of agro-pastoralism and the increase of forest cover, as characterized by the increase of Fagus, Picea, and Pinus in detriment of Abies. This landscape is partly due to plantations of Pinus and Picea for wood production, which was the first economic resource in the region. Emissions of TMs were recorded until cal. AD 1991, and hence the recent decrease of TMs highlighted in other archives in Europe has not been shown. This decrease, observed at the European scale, corresponds to the end of the Industrial Revolution and the phasing out of leaded gasoline (Renberg et al. 2001) .
CONCLUSIONS
The high time resolution of the multi-proxy geochemistry/ pollen analysis of the Le Champ du Feu peat bog allows us to identify short phases of local mining compared to other peat records in the region. Indeed, differences in TM emissions and sources are highlighted, showing changes in the mixing sources of TMs over time, which differ from the north to the south, particularly during the main period of Fe mining activities in the sixteenth century. The influence of several anthropogenic activities is highlighted in the landscape with the chronological contribution first of mining activities and agro-pastoralism until the seventeenth century, then of textile industry, and, finally, of forestry since the nineteenth century. While mining led mainly to Fagus cutting in low altitudes, agro-pastoralism led to Abies deforestation and contributed to its erasure around the tenth century in high altitudes. A local impact of mining on the landscape could be identified with (i) forest management for forest recovery and (ii) the homogenization of the landscape because of the high anthropogenic pressure.
